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Summary
Secretory proteins traffic from the ER to the Golgi via
COPII-coated transport vesicles. The five core COPII
proteins (Sar1p, Sec23/24p, and Sec13/31p) act in
concert to capture cargo proteins and sculpt the ER
membrane into vesicles of defined geometry. The mo-
lecular details of how the coat proteins deform the
lipid bilayer into vesicles are not known. Here we
show that the small GTPase Sar1p directly initiates
membrane curvature during vesicle biogenesis. Upon
GTP binding by Sar1p, membrane insertion of the
N-terminal amphipathic  helix deforms synthetic li-
posomes into narrow tubules. Replacement of bulky
hydrophobic residues in the  helix with alanine
yields Sar1p mutants that are unable to generate
highly curved membranes and are defective in vesicle
formation from native ER membranes despite normal
recruitment of coat and cargo proteins. Thus, the initi-
ation of vesicle budding by Sar1p couples the genera-
tion of membrane curvature with coat-protein assem-
bly and cargo capture.
Introduction
The continuous exchange of proteins and lipids be-
tween compartments of the secretory pathway is medi-
ated largely via transport vesicles. Vesicles are formed
through the concerted action of cytosolic protein coats,
which must perform the twin tasks of capturing cargo
proteins and molding the membrane into regions of
high curvature.
The various trafficking steps in the secretory pathway
are mediated by distinct sets of coat proteins. Newly
synthesized proteins that are destined to be secreted
are transported from the endoplasmic reticulum (ER) to
the Golgi via COPII vesicles, whereas retrograde traffic
from the Golgi occurs via COPI vesicles. The clathrin
coat combines with various adaptor proteins to medi-
ate transport between the trans-Golgi network (TGN),
endosome, and vacuole, as well as endocytosis from
the plasma membrane.
Assembly of coat proteins on the membrane is gen-*Correspondence: schekman@berkeley.eduerally initiated by the activation of small G proteins of
the ARF family. Arf1p regulates the formation of COPI
and most clathrin vesicles. COPII vesicles utilize the
closely related GTPase, Sar1p (Lee et al., 2004; McMa-
hon and Mills, 2004). Exchange of GDP for GTP is ac-
companied by translocation of Sar1p/Arf1p from the
cytosol to the membrane and exposure of an amphi-
pathic α helix, which acts as a membrane anchor dur-
ing coat assembly (Antonny et al., 1997; Goldberg,
1998; Huang et al., 2001). Subsequent recycling of the
coat after vesicle release is contingent on GTP hydroly-
sis, permitting the N-terminal helical domain of Sar1p
or Arf1p to retract into a surface pocket. The Sar1p he-
lix extends for approximately 23 residues (Huang et al.,
2001), whereas the Arf1p helix is shorter at 17 residues
but is modified at the N terminus by a myristoyl group
(Antonny et al., 1997).
During COPII vesicle formation, membrane-anchored
Sar1p-GTP sequentially recruits two additional cyto-
solic complexes, the Sec23/24p heterodimer and the
Sec13/31p heterotetramer. These five core COPII com-
ponents are sufficient to generate coated vesicles from
synthetic liposomes (Matsuoka et al., 1998). The cap-
ture of cargo proteins at the ER appears to be largely
mediated by the Sec24p subunit, and multiple distinct
cargo binding sites have now been uncovered (Miller et
al., 2003; Mossessova et al., 2003). Sec23p stimulates
the intrinsically slow GTPase activity of Sar1p, with a
further enhancement conferred upon binding of the
outer coat complex of Sec13/31p (Antonny et al., 2001;
Yoshihisa et al., 1993).
The Sec23/24p dimer forms a bowtie-shaped com-
plex with a concave surface enriched in basic residues
that is likely to make extensive contact with the un-
derlying membrane, potentially facilitating membrane
deformation (Bi et al., 2002). Strikingly, the shape of this
concave face appears consistent with the curvature of
a typical COPII vesicle (Bi et al., 2002). Electron micros-
copy analysis of Sec13/31p suggests a flexible, elon-
gated assembly (Lederkremer et al., 2001; Matsuoka et
al., 2001). Sec13/31p may act as a structural scaffold
to gather adjacent Sec23/24p complexes into a coat
lattice, thus concentrating cargo proteins and propa-
gating membrane curvature.
Of the major classes of vesicle coat proteins, the best
characterized system in terms of membrane curvature
is that of endocytic clathrin-coated vesicles. Although
clathrin itself has an intrinsic ability to assemble into
spherical cage-like structures, it is thought that acces-
sory proteins are primarily responsible for promoting
membrane curvature (McMahon and Mills, 2004). The
clathrin binding proteins epsin, amphiphysin, and en-
dophilin are individually capable of deforming synthetic
liposomes into tubules of high curvature, although they
appear to utilize different mechanisms (Farsad et al.,
2001; Ford et al., 2002; Takei et al., 1999).
Epsin initiates membrane deformation by burying a
PIP2-dependent α helix into the plasma membrane
(Ford et al., 2002). Due to the amphipathic nature of the
helix, selective insertion into the cytosolic leaflet of the
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606lipid bilayer would promote curvature of the membrane
toward the cytoplasm by the bilayer couple mecha-
nism. The bilayer couple hypothesis was initially pro-
posed to account for the membrane-deforming effects
of asymmetric insertion of amphipathic compounds
into the erythrocyte plasma membrane and suggests
that the asymmetry between the areas of the inner and
outer leaflets induces spontaneous membrane curva-
ture (Chernomordik and Kozlov, 2003; Sheetz and
Singer, 1974; Zimmerberg and McLaughlin, 2004).
Both amphiphysin and endophilin contain a BAR do-
main, which forms a “banana-shaped” dimer with clus-
ters of basic residues on the concave side (Peter et al.,
2004). The isolated BAR domain is sufficient to deform
membranes into tubules and, unlike epsin, is likely to
generate curvature primarily through electrostatic in-
teractions between the positively charged concave sur-
face and the membrane (Peter et al., 2004; Zimmerberg
and McLaughlin, 2004). However, the presence of an
amphipathic helix at the N terminus of some BAR do-
mains increases their tubulation efficiency (Peter et
al., 2004).
Here we investigate the roles of the COPII coat sub-
units in generating the membrane curvature required
for vesicle biogenesis from the ER. We find that two
distinct mechanisms appear to be employed to pro-
duce vesicles of defined geometry. Sar1p alone can
extensively deform synthetic liposomes into narrow tu-
bules in a manner that depends on the insertion of the
N-terminal amphipathic helix into the membrane. Con-
versely, when the tubulation activity of Sar1p is abro-
gated, membrane recruitment of Sec23/24p and Sec13/
31p results in the formation of spherical buds that re-
main associated with the donor membrane and appear
unable to undergo fission. Our results suggest a model
whereby GTP bound Sar1p initiates localized mem-
brane deformations that are likely “captured” by elec-
trostatic interactions between the lipid bilayer and Sec23/
24p and propagated upon Sec13/31p recruitment.
Results
Sar1p Deforms Membranes in a Nucleotide-
Dependent Manner
To investigate whether Sar1p can directly initiate mem-
brane curvature in the absence of the other COPII pro-
teins, we incubated purified Sar1p with synthetic lipo-
somes and examined the end product by thin-section
electron microscopy (EM). Synthetic membranes com-
posed of neutral and acidic unsaturated lipids (major-
minor mix; Matsuoka et al., 1998) were first prepared by
extrusion through a 400 nm polycarbonate filter to gen-
erate a liposome population of relatively uniform size.
Liposomes incubated with 5 M Sar1p and GDP
were virtually indistinguishable from the starting mater-
ial (Figures 1B and 1C). However, addition of Sar1p with
either GTP (Figure 1A) or the nonhydrolyzable analog
GMP-PNP (data not shown) resulted in the striking
transformation of large spherical liposomes into long,
narrow tubules. These tubules were often contorted or
kinked and extended up to 1 m in length (Figure 1A,
inset i). The average diameter of the tubules was w26
nm, considerably narrower than the typical diameter of
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COPII vesicle (59–87 nm) (Barlowe et al., 1994; Shi-
oni et al., 2000). In some instances, individual tubules
ould be observed emanating from spherical liposomes,
nd reticular networks of tubules were occasionally
een (Figure 1A, inset ii).
Elongated tubular elements emerging from the ER
ave been previously observed when mammalian Sar1
as added to permeabilized NRK cells (Aridor et al.,
001; Pathre et al., 2003). However, the role of Sar1 in
irectly generating membrane curvature was not ex-
lored.
embrane Curvature Is Generated
y the N-Terminal Helix of Sar1p
nlike most other G proteins of the Ras superfamily,
TP binding by Sar1p requires the presence of a mem-
rane surface. Rearrangement of the Sar1p switch re-
ions upon GTP binding results in the disruption of a
ydrophobic pocket normally occupied by the amino-
erminal amphipathic α helix, resulting in membrane in-
ertion of the helix (Bi et al., 2002; Huang et al., 2001).
runcation of this 23 residue helical domain permits
TP exchange to occur in solution, and this 23-Sar1p
s competent to interact with Sec23/24p (Bi et al., 2002).
We speculated that membrane insertion of the N-ter-
inal helical domain of Sar1p, rather than the global
onformational change in Sar1p that results from GTP
inding, was essential for generating membrane tubu-
ation. Sar1p lacking the N-terminal helix (23-Sar1p)
as unable to deform liposomes into tubules regard-
ess of nucleotide, presumably because it was not re-
ruited to the membrane (data not shown). In order to
istinguish the roles of the N-terminal helix in mem-
rane binding and deformation, we generated lipo-
omes supplemented with 5 mol% of the Nickel-chelat-
ng phospholipid, DOGS-NTA-Ni, to allow recruitment
f hexahistidine-tagged proteins (Kubalek et al., 1994).
his liposome mixture (Ni-liposomes) permitted the
embrane recruitment of a 23-Sar1p protein contain-
ng a hexahistidine tag in place of the 23 residue helix
Figure 2A). Tryptophan fluorescence analysis, which
rovides a real-time measurement of the GTP-GDP
onformational switch in Sar1p (Antonny et al., 2001),
ndicated that 23-Sar1p behaved similarly to wild-type
ar1p (wt-Sar1p) with regard to GTP binding and hy-
rolysis, both in the absence and presence of the GTP
xchange factor Sec12p and the GTPase-activating
oat proteins, Sec23/24p and Sec13/31p (Figure 2B).
he ability of the cytosolic domain of Sec12p to stimu-
ate nucleotide exchange on 23-Sar1p contrasts with
bservations by Huang et al. (2001) that the equivalent
runcation mutant of mammalian Sar1 (25-Sar1) no
onger responded to Sec12 activity. Thus, we conclude
hat membrane adsorption as opposed to a specific
onformation associated with the N-terminal domain is
esponsible for the functional interaction of Sar1p and
ec12p.
In the absence of Sar1p, Ni-liposomes were largely
pherical and unilamellar (Figure 2C) and appeared
imilar to normal liposomes (Figure 1C). Addition of wt-
ar1p to the Ni-liposomes resulted in extensive tubula-
ion in the presence of GTP (Figure 2C). In contrast,
23-Sar1p was severely impaired in its ability to gener-
Sar1p Initiates Membrane Curvature
607Figure 1. Sar1p Deforms Membranes in a
Nucleotide-Dependent Manner
Liposomes were incubated in the presence
or absence of 5 M Sar1p and the indicated
nucleotide and examined by thin-section
EM. (A) Liposomes incubated with Sar1p and
GTP were transformed into narrow tubules
up to 1 m long (inset i). Tubules were often
contorted (arrowheads), could be seen ex-
tending from spherical liposomes (arrows),
and occasionally appeared to form reticular
networks (inset ii). Reactions containing
Sar1p and GDP (B) resembled untreated li-
posomes (C). Bar = 100 nm.ate tubules (Figure 2C) despite being competent for
membrane recruitment and GTP binding (Figures 2A
and 2B). Morphometric analysis of tubule formation in-
dicated that the extent of tubulation was proportional
to Sar1p concentration and that 23-Sar1p was con-
sistently less efficient than wt-Sar1p at membrane de-
formation (Figure 2D). We note that at higher Sar1p
concentrations, proportionally less 23-Sar1p is mem-
brane bound; however, a distinct difference in tubula-
tion efficiency between wt-Sar1p and 23-Sar1p is still
observed at lower Sar1p concentrations when approxi-
mately equivalent amounts of protein are recruited to
the membrane. As a test of the possibility that the
hexahistidine tag may interfere with tubulation, we in-
cubated liposomes with a tagged version of wt-Sar1p,
and observed no significant difference in the tubulation
activity of tagged and untagged wt-Sar1p (surface den-
sity of 17.1 versus 16.9, respectively, for 5 M protein).
The residual ability of 23-Sar1p to tubulate mem-
branes may reflect additional interactions between the
“core” of Sar1p and the membrane or may be a non-
specific consequence of recruiting any hexahistidine-
tagged protein to the Ni-liposome surface. We exam-
ined this latter possibility by incubating Ni-liposomeswith a hexahistidine-tagged version of the small G pro-
tein Ran (His-Ran), which unlike Sar1p does not pos-
sess an N-terminal amphipathic helix. His-Ran was only
recruited to liposomes supplemented with DOGS-NTA-
Ni (data not shown) and generated little if any tubula-
tion. The surface densities of tubules generated by 1
M and 2.5 M of His-Ran were 0.2 and 0.48, respec-
tively, compared with 0.52 and 1.23 for the equivalent
concentrations of hexahistidine-tagged 23-Sar1p. These
results suggest that 23-Sar1p may have some residual
ability to deform membranes, but that penetration of
the Sar1p helix into the lipid bilayer is necessary for
efficient membrane curvature.
Sec23/24p and Sec13/31p Cooperate
to Deform the Membrane into Buds
During budding, membrane bound Sar1p-GTP sequen-
tially recruits Sec23/24p and Sec13/31p, and addition
of these five core COPII components to liposomes is
sufficient to generate coated buds and vesicles (Futai
et al., 2004; Matsuoka et al., 1998). We next used Ni-
liposomes and the tubulation-deficient 23-Sar1p to
ask what contribution Sec23/24p and Sec13/31p make
to membrane curvature during vesicle formation.
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608Figure 2. Membrane Curvature Is Generated
by the N-Terminal Helix of Sar1p
(A) Sedimentation analysis of liposome bind-
ing by either wt-Sar1p or 23-Sar1p, which
contains a hexahistidine tag in place of the
23 residue N-terminal helix. Sar1p proteins
(0.7 M) were incubated with GMP-PNP and
either normal liposomes or liposomes sup-
plemented with 5 mol% DOGS-NTA-Ni (Ni-
liposomes). Imidazole (20 mM) was added
where indicated.
(B) wt-Sar1p or 23-Sar1p (1 M) was incu-
bated with Ni-liposomes in the presence or
absence of 20 nM Sec12Cp, the cytosolic
domain of Sec12p. Exchange of GDP for
GTP is accompanied by an increase in the
intrinsic tryptophan fluorescence of Sar1p.
Subsequent addition of Sec23/24p (105 nM)
and Sec13/31p (90 nM) stimulated GTP hy-
drolysis.
(C) Ni-liposomes (top) were incubated with 5
M of either wt-Sar1p (middle) or 23-Sar1p
(bottom) and GTP and examined by EM.
Bar = 200 nm.
(D) Morphometric analysis of liposome tu-
bules generated by various concentrations
of either wt-Sar1p or 23-Sar1p, in the pres-
ence of either GTP (+) or GDP (−). The sur-
face density of tubules was measured from
24 micrographs for each sample (±SEM).To Ni-liposomes we added both hexahistidine-tagged
Sec23/24p and Sec13/31p in the presence of a rela-
tively low concentration (1 M) of either wt-Sar1p or
23-Sar1p or with no Sar1p added. In the presence of
wt-Sar1p and the full COPII coat, we observed the pro-
duction of coated membrane tubules, buds, and appa-
rently free vesicles (Figure 3A). In the presence of the
tubulation-deficient 23-Sar1p, very few tubules or free
coated vesicles were detected (Figure 3B). However,
numerous spherical buds were observed in the 23-
Sar1p and COPII incubations despite the inability of
23-Sar1p alone to efficiently stimulate membrane cur-
vature, suggesting that Sec23/24p and Sec13/31p have
an intrinsic ability to deform the membrane into spheri-
cal buds (Figure 3B). Relatively few buds were ob-
served with wt-Sar1p reactions, whereas incubations
with 23-Sar1p produced a substantially higher ratio of
buds to tubules (Figure 3C). Although the hexahistidine-
tagged Sec23/24p and Sec13/31p complexes could be
recruited to Ni-liposomes in the absence of Sar1p,
analysis of the morphology of these reactions was con-
founded by a tendency of the Ni-liposomes to aggre-
gate (data not shown). Because the hexahistidine tag
is located on the Sec24p subunit, interaction of mem-
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We next examined the morphology of liposomes in-
ubated with Sar1p and Sec23/24p in the absence of
ec13/31p. Reactions containing Sec23/24p with 1 M
t-Sar1p (Figure 3D) displayed more extensive tubula-
ion than incubations with either Sar1p alone (compare
ith 1 M wt-Sar1p in Figure 2D) or the full COPII coat
Figure 3C). This may reflect an ability of Sec23/24p to
tabilize or enhance Sar1p-generated curvature and
he subsequent consumption of tubules into vesicles
pon Sec13/31p addition. Importantly, in incubations
ith 23-Sar1p and Sec23/24p (Figure 3D), few buds
ere observed in comparison with reactions containing
he full COPII coat, indicating that Sec13/31p is re-
uired for the formation of budding profiles.
ncoupling the Coat-Recruitment and Membrane-
ending Functions of Sar1p
e next asked whether the recruitment of high levels of
ec23/24p and Sec13/31p to microsomal membranes
ould bypass the need for Sar1p-initiated membrane
urvature during vesicle budding. To circumvent the
oat-recruitment function of Sar1p and permit the use
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609Figure 3. Morphology of Ni-Liposomes Incubated with Either wt-Sar1p or 23-Sar1p, Sec23/24p, and Sec13/31p
Ni-liposomes were incubated with hexahistidine-tagged Sec23/24p (450 nM) and Sec13/31p (580 nM), GMP-PNP, and 1 M of either (A) wt-
Sar1p or (B) hexahistidine-tagged 23-Sar1p and examined by EM. (A) Apparently free vesicles (arrowheads) and (B) numerous multibudded
liposome profiles (arrows) were observed. Bar = 100 nm. (C and D) Morphometric analysis of Ni-liposomes incubated with the indicated Sar1p
and (C) the full COPII coat (mean ± SEM, n = 12) or (D) Sec23/24p only (mean ± SEM, n = 24).of the 23-Sar1p mutant, microsomes were supple-
mented with the Nickel-conjugated lipid used above
followed by translocation of the 35S-radiolabeled cargo
protein, glycosylated pro-α factor (gpαf). Nickel-lipid-
containing microsomes (Ni-microsomes) were washed
with 2.5 M urea to remove endogenous COPII proteins,
then incubated with various combinations of COPII
proteins and examined for COPII binding and cargo
budding.
The Ni-microsomes were competent to recruit hexa-
histidine-tagged 23-Sar1p (data not shown), as well
as high levels of Sec23/24p and Sec13/31p (Figure 4A).
Unlike untreated microsomes, addition of Sar1p was
not required to recruit hexahistidine-tagged Sec23/24p
and Sec13/31p (Figure 4A, lane 9), although binding of
Sec13/31p to the membrane was largely mediated by
Sec23/24p (Figure 4A, lane 8), perhaps due to steric
hindrance between the membrane-incorporated DOGS-
NTA-Ni lipid and the Sec13/31p hexahistidine tag.The ability of each combination of COPII components
to generate vesicles was examined by assessing bud-
ding of the cargo protein, gpαf (Figure 4B). Reactions
containing wt-Sar1p and low concentrations of Sec23/
24p and Sec13/31p (10 g/ml each) generated vesicles
in the presence of GMP-PNP but not GDP (Figure 4B).
However, when tubulation-deficient 23-Sar1p was
substituted for wt-Sar1p, the efficiency of vesicle for-
mation was significantly reduced (Figure 4B) despite
equivalent levels of COPII recruitment (Figure 4A, lanes
1 and 3). To achieve an equivalent level of budding to
wt-Sar1p reactions, 23-Sar1p reactions required the
addition of more than 4-fold higher levels of Sec23/24p
and Sec13/31p (Figure 4B). The observation that ineffi-
cient membrane deformation by 23-Sar1p can be re-
lieved by high levels of Sec23/24p and Sec13/31p is
consistent with their intrinsic ability to generate buds
on Ni-liposomes when supplied at similarly high levels
(Figure 3B; 85 g/ml and 100 g/ml Sec23/24p and
Cell
610Figure 4. Direct Recruitment of Sec23/24p and Sec13/31p to Micro-
somes Does Not Bypass the Requirement for Full-Length Sar1p in
Vesicle Budding
Microsomal membranes supplemented with DOGS-NTA-Ni were in-
cubated with the indicated concentrations (in g/ml) of wt-Sar1p or
23-Sar1p, hexahistidine-tagged Sec23/24p and Sec13/31p, and
either GMP-PNP (+) or GDP (−). Incubations were then examined
for (A) coat recruitment or (B) vesicle budding.
(A) Membrane recruitment of Sec23/24p and Sec13/31p was as-
sessed by sedimenting the membranes through a 0.2 M sucrose
cushion. The membrane pellet was analyzed by SDS-PAGE and
immunoblotting using antibodies to Sec24p, Sec31p, the ER-Golgi
protein Erv46p as a loading control, and radiolabeled secondary
antibody.
(B) Vesicles were separated from the donor membranes by a
16,000 × g centrifugation step, and budding efficiency was as-
sessed by concanavalin A-precipitation of 35S-gpαf (mean ± SD of
duplicate reactions).
(C) Recruitment of gpαf and Sed5p into Sec23/24p-cargo prebud-
ding complexes was examined by incubating Ni-microsomes with
20 g/ml of the indicated proteins and either GMP-PNP (+) or GDP
(−). Membranes were centrifuged through a sucrose cushion and
solubilized with 0.5% digitonin, and hexahistidine-tagged Sec23/
24p precipitated using Ni-NTA beads. Coprecipitating cargo pro-
teins were assessed by autoradiography (35S-gpαf) or immunoblot-
ting (Sed5p).
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wSec13/31p, respectively). Furthermore, microsomal mem-
branes may be more permissive for vesicle formation
than synthetic liposomes due to differences in lipid
m
somposition or the presence of additional effectors of
embrane deformation. In the absence of any Sar1p,
ery few vesicles were produced from Ni-microsomes
ven at the highest concentrations of Sec23/24p and
ec13/31p (Figure 4B). This may reflect Sec23/24p-
ediated membrane aggregation as we observed with
i-liposome incubations lacking any Sar1p or perhaps
n additional function of Sar1p that does not require
he first 23 residues.
To confirm that vesicle budding rather than cargo re-
ruitment was compromised in reactions containing
23-Sar1p, we examined the ability of Sec23/24p to
apture cargo proteins into “prebudding complexes.”
argo proteins can be gathered into prebudding com-
lexes by adding Sar1p, Sec23/24p, and a nonhydro-
yzable GTP analog to microsomal membranes (Aridor
t al., 1998; Kuehn et al., 1998). We added hexahisti-
ine-tagged Sec23/24p with either wt-Sar1p, 23-Sar1p,
r no Sar1p to Ni-microsomes. After solubilizing the
embranes, the Sec23/24p-cargo complexes were iso-
ated using Ni-NTA beads. Unlike normal microsomes,
here prebudding complex formation requires Sar1p-
ediated recruitment of Sec23/24p, cargo from Ni-
icrosomes were captured by Sec23/24p alone (Figure
C). Addition of either wt-Sar1p, 23-Sar1p, or Sec13/
1p did not significantly alter the amount of the ER-
olgi SNARE protein Sed5p that was captured (Figure
C). The soluble cargo gpαf, which interacts with the
OPII coat via a transmembrane receptor, was less ro-
ustly captured relative to Sed5p but was still recruited
t equivalent levels in all reactions containing Sec23/
4p (Figure 4C).
oint Mutants in the Sar1p N Terminus
iminish Membrane Curvature
e evaluated the effect of more subtle perturbations of
he N-terminal helical domain of Sar1p on its ability to
eform membranes. Sar1p progressively loses the abil-
ty to bind membranes as the N terminus is truncated
etween residues 4 to 12 (data not shown). We re-
laced the hydrophobic or charged residues in this re-
ion with alanine (Figure 5A) and first assessed the abil-
ty of the Sar1p N terminus mutants (n-Sar1) to bind to
iposomes and recruit the COPII coat. Substitution of
he charged residues (D5 and R11D12) with alanine had
ittle impact on the membrane binding or coat-recruit-
ent ability of Sar1p (Figure 5B). However, substitution
f the bulky hydrophobic residues (W4, I6F7, W9, F10)
hat would be predicted to be buried within the lipid
ilayer reduced Sar1p binding to the membrane to
25%–50% of normal levels (Figure 5B). Unexpectedly,
ven the most severely impaired mutants recruited
early normal levels of Sec23/24p and Sec13/31p (Fig-
re 5B). Sar1p was in stoichiometric excess over the
ther COPII components in these incubations, thus
uch of the activated wt-Sar1p was likely bound to li-
osomes but not to Sec23/24p. When Sar1p was sup-
lied at stoichiometrically equivalent levels to the other
OPII components, their recruitment, although low,
as now proportional to the amount of Sar1p on the
embrane (data not shown).
When the n-Sar1p mutants were incubated with lipo-
omes in the absence of other COPII proteins, mutants
Sar1p Initiates Membrane Curvature
611Figure 5. Point Mutants of the N-Terminal
Helical Domain of Sar1p Reduce Membrane
Tubulation
(A) Helical-wheel plot of residues 1–18 of
Sar1p, with the sequence of the full 23 amino
acid helix below. Hydrophobic residues are
shaded, and colored residues were mutated
to alanine, with the mutant designation shown
below the sequence (e.g., n1-Sar1p = W4A).
(B) Flotation assay of liposome binding.
Wild-type or mutant Sar1p (0.7 M) was in-
cubated with major-minor liposomes, Sec23/
24p (105 nM) and Sec13/31p (175 nM), in the
presence of GMP-PNP (+) or GDP (−). COPII
proteins recruited to liposomes were col-
lected by flotation.
(C) Tubulation of liposomes incubated with
GTP and 5 M of either wt-Sar1p or the indi-
cated n-Sar1p mutants was assessed by
EM. Bar = 200 nm.
(D) Morphometric analysis of liposome tubules
generated by either wt-Sar1p or the n-Sar1p
mutants at the indicated concentration
(mean ± SEM, n = 36).with bulky hydrophobic residues substituted by alanine
(e.g., n1-Sar1p and n3-Sar1p) were deficient in mem-
brane tubulation compared with wt-Sar1p (Figures 5C
and 5D). The inability of the n1-Sar1p and n3-Sar1p mu-
tants to efficiently generate membrane curvature may
in part be attributable to an overall reduction in the
amount of Sar1p on the membrane. Nonetheless, 1 M
wt-Sar1p produced more tubulation than 5 M n1-
Sar1p (Figure 5D) despite comparable membrane re-
cruitment (data not shown). In contrast, the n6-Sar1p
mutant that had the charged residues R11D12 replaced
with alanine displayed an intermediate tubulation phe-
notype, and we observed a number of pleiomorphic tu-
bular structures (Figures 5C and 5D). Removal of bulky
hydrophobic residues may influence the “footprint” of
the N-terminal domain in the membrane.
Sar1p Point Mutants Bud Vesicles Inefficiently
To correlate the ability of the n-Sar1p mutants to deform
membranes with their capacity to generate vesicles, we
tested the budding efficiency of cargo-containing vesi-cles from microsomal membranes incubated with either
wt-Sar1p or each of the n-Sar1p mutants, Sec23/24p,
Sec13/31p, and GTP. The n-Sar1p mutants containing
substitutions of hydrophilic residues for alanine (n2-
Sar1p and n6-Sar1p) were capable of generating vesi-
cles with similar efficiency to wt-Sar1p (Figure 6A).
However, mutants where alanine had replaced bulky hy-
drophobic residues (n1-, n3-, n4-, and n5-Sar1p) were
more severely impaired in gpαf budding (Figure 6A).
To facilitate a comparison of budding efficiency with
the ability of the n-Sar1p mutants to recruit COPII coat
proteins and form prebudding complexes, budding re-
actions were performed with the nonhydrolyzable GTP
analog, GMP-PNP. A subset of the n-Sar1p mutants
(n1-, n3-, and n6-Sar1p) was tested at various concen-
trations, with the level of Sec23/24p and Sec13/31p
kept constant. Budding with n6-Sar1p was only slightly
lower than wt-Sar1p at all concentrations tested (Figure
6B). However the n1- and n3-Sar1p mutants were again
more substantially impaired relative to wt-Sar1p (Figure
6B). At the highest concentration of Sar1p (10 g/ml),
Cell
612Figure 6. n-Sar1p Mutants Are Defective in
Vesicle Budding despite Normal Recruitment
of Coat and Cargo Proteins
(A) Budding efficiency of either wt-Sar1p or
the indicated n-Sar1p mutant. Microsomal
membranes containing 35S-gpαf were incu-
bated with 5 g/ml of the indicated Sar1p,
Sec23/24p, and Sec13/31 (10 g/ml each),
and GTP (+) or GDP (−). Vesicle budding was
assessed as in Figure 4B (mean ± SD of du-
plicate reactions).
(B) Budding efficiency was examined using
various concentrations of the indicated Sar1p
with the amount of Sec23/24p and Sec13/
31p held constant (10 g/ml). Budding reac-
tions contained GMP-PNP or GDP (mean ±
SD of duplicate reactions).
(C) Recruitment of Sec23/24p to microsomal
membranes was determined for each of the
n-Sar1p mutants. Membranes were incu-
bated with Sar1p (1 g/ml) and Sec23/24p
(10 g/ml) and then sedimented through a
sucrose cushion. Membrane bound Sec23/
24p was quantified by immunoblot and auto-
radiography using antibodies against either
Sec23p or Sec24p and a radiolabeled sec-
ondary antibody.
(D) Formation of prebudding complexes containing Sar1p-Sec23/24p-cargo was examined by incubating microsomes with 20 g/ml of the
indicated Sar1p, Sec23/24p, and either GMP-PNP (+) or GDP (−). Isolation of prebudding complexes was performed as in Figure 4C, and
coprecipitating cargo proteins were assessed by autoradiography (35S-gpαf) or immunoblotting (Sed5p and Sec22p).which corresponds to an w9-fold stoichiometric ex-
cess of Sar1p over the other COPII components, bud-
ding by n1-Sar1p and n3-Sar1p was 80% and 60%, re-
spectively, relative to wt-Sar1p (Figure 6B). When the
COPII components were added in approximately equiv-
alent stoichiometric amounts (1 g/ml Sar1p), budding
by n1-Sar1p was 50% relative to wild-type, and the
n3-Sar1p mutant was reduced to less than 20% of wild-
type levels (Figure 6B). Thus the budding efficiency of
the n-Sar1p mutants correlates with their ability to tu-
bulate membranes.
We next assessed the ability of the n-Sar1p mutants
to recruit Sec23/24p to the membrane by incubating
microsomes with approximately stoichiometric amounts
of Sar1p and Sec23/24p followed by sedimentation
through a sucrose cushion. Each of the n-Sar1p mu-
tants recruited Sec23/24p to approximately the levels
achieved by wt-Sar1p (Figure 6C). Unlike recruitment to
liposomes, binding of Sec23/24p to the ER membrane
is likely to occur via interactions with both Sar1p and
cargo proteins.
The ability of the n-Sar1p mutants to capture cargo
in Sec23/24p-containing prebudding complexes was
examined as described above. The SNAREs Sed5p and
Sec22p, as well as gpαf, were captured with equivalent
efficiency by either wt-Sar1p or each of the n-Sar1p
mutants (Figure 6D). Thus the n-Sar1p mutants are fully
functional in coat and cargo recruitment but are defi-
cient in vesicle generation relative to their ability to gen-
erate membrane curvature.
In Vivo Analysis of n-sar1 Mutants
We examined the in vivo effects of the n1-, n3-, or
n6-sar1 mutants in a yeast strain deleted for the endog-
enous SAR1 gene. Transformants containing integrated
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aersions of either the n1-, n3-, or n6-sar1 mutants or
ild-type SAR1 were spotted onto media containing
-fluororotic acid (5-FOA) to counterselect against a
lasmid carrying wild-type SAR1. Each of the mutant
ersions of sar1 was able to complement loss of the
ild-type plasmid, with no appreciable growth defect
Figure 7A). We next compared the rates of ER export
etween wild-type and mutant SAR1 strains by pulse-
hase radiolabeling analysis of the GPI-anchored pro-
ein Gas1p, which matures during transit to the plasma
embrane from a 105 kDa ER species to a 125 kDa
olgi-modified form. The maturation of Gas1p was
ignificantly delayed in the n3-sar1 strain and more
oderately delayed in n1-sar1 cells, whereas cells con-
aining the n6-sar1 mutation did not show an apprecia-
le trafficking delay (Figures 7B and 7C). The steady-
tate levels of the Sar1p mutants were similar to wild-
ype, suggesting that the trafficking delay was not a
esult of mutant Sar1p degradation (data not shown).
hese in vivo results are consistent with the tubulation
nd in vitro budding phenotypes of each mutant.
1-Sar1p Mutant Also Fails to Support
fficient Membrane Fission
o assess the effect of the n-Sar1p mutants on mem-
rane curvature in the presence of the full COPII coat,
e returned to the synthetic liposome system to exam-
ne the formation of tubules, buds, and vesicles. Using
oncentrations of COPII that were previously shown to
ud vesicles from liposomes (Matsuoka et al., 1998),
ither wt-Sar1p or the n1-Sar1p mutant was incubated
ith major-minor liposomes, COPII, and GMP-PNP, and
amples were examined by thin-section EM. In the
resence of wt-Sar1p and COPII, coated tubules, buds,
nd apparently free vesicles were generated (Figure
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(A) Complementation of sar1 disruption by
integration of either wild-type SAR1 or the
n-sar1 helix mutants was examined by
growth on 5-FOA to cure cells of the plas-
mid-borne copy of wild-type SAR1. Unlike
the Dsar1 parental strain, each of the mu-
tants was viable.
(B) Pulse-chase analysis of Gas1p matura-
tion from the ER precursor form (p) to the
Golgi-modified mature form (m).
(C) Quantitation of Gas1p transport, ex-
pressed as the amount of Golgi-modified
protein relative to total Gas1p. The mean
(±SD) of two independent experiments is
shown.8A). In addition, numerous chains of vesicles were ob-
served, suggestive of uniformly constricted Sar1p-
tubules in the process of being transformed into vesi-
cles (Figure 8A#). These beads-on-a-string structures
were previously observed when liposomes were incu-
bated with the full COPII coat (Antonny et al., 2001) and
are reminiscent of structures observed when permeabi-
lized mammalian cells were incubated with a GTP-
restricted form of Sar1 and cytosol (Bannykh et al.,
1996).
Unexpectedly, incubations containing the n1-Sar1p
mutant and COPII generated tubular structures of vari-
able diameter (Figures 8B and 8B#) notably different
from the tubules observed with wt-Sar1p and COPII
(Figure 8A) or n1-Sar1p alone (Figure 5C). We classified
these n1-Sar1/COPII tubules into two categories, thin
or thick, based on a cutoff of 45 nm, which corresponds
to the upper limit of tubule diameter observed with wt-
Sar1. The thinner tubules, similar in size to those gener-
ated with wt-Sar1p and COPII, showed a lower surface
density than thicker tubules (45–105 nm; Figure 8C).
The spectrum of tubules showed a distinct dense coat
that was especially visible as a lattice-like structure on
thick tubules, perhaps due to the large surface area
presented in oblique sections (Figure 8B, inset). Few
tubules of any diameter were observed undergoing
constriction despite being heavily coated (Figure 8C).
In addition, few apparently detached vesicles were
observed (Figures 8B and 8B#), consistent with an
apparent inability of the n1-Sar1p mutant to generate
sufficient membrane curvature to complete membrane
fission.
We suggest that this mutant protein may create a
smaller footprint in the membrane compared to wt-
Sar1p, resulting in less displacement of the lipid head-groups and thereby a lower degree of membrane curva-
ture. Large diameter tubules were also obtained with
n3-Sar1p and COPII (data not shown). The ability of
Sec23/24p to enhance Sar1p-induced tubulation (Fig-
ure 3D) may explain the increased tubulation observed
with n1-Sar1p and COPII compared with n1-Sar1p
alone. Although thick tubules were not observed with
n1-Sar1p alone, we speculate that the addition of COPII
may concentrate n1-Sar1p to form tubules of shallow
curvature, whereas thinner tubules may contain addi-
tional n1-Sar1p that would promote greater membrane
curvature.
Discussion
We investigated the molecular details of membrane de-
formation by the COPII coat using purified components
and found that the small G protein Sar1p plays a key
role in directly generating membrane curvature in addi-
tion to its more established function in nucleating coat
assembly on the membrane.
Addition of Sar1p alone to unilamellar liposomes
stimulates the formation of narrow tubules w26 nm in
diameter that possess a higher degree of curvature
than the typical COPII vesicle. Other proteins that drive
membrane curvature in vesicular transport show a sim-
ilar ability to transform liposomes, although with dis-
tinct tubular dimensions (Farsad et al., 2001; Ford et al.,
2002; Peter et al., 2004). Unlike these proteins, how-
ever, membrane tubulation by Sar1p requires activation
by GTP but is independent of GTP-hydrolysis. GTP
binding by Sar1p is associated with a rearrangement of
the switch regions to accommodate the γ-phosphate of
GTP. Our data demonstrate that the membrane inser-
tion of the Sar1p N-terminal helix, rather than the GTP-
Cell
614Figure 8. Morphology of Liposomes Incubated with wt-Sar1p or n1-Sar1p and the Full COPII Coat
Major-minor liposomes were incubated with 3.7 M of either (A) wt-Sar1p or (B) n1-Sar1p and Sec23/24p (450 nM), Sec13/31p (580 nM), and
GMP-PNP. (A) Incubations with wt-Sar1p generated coated “thin” tubules (arrowheads), buds (double arrows), as well as apparently free
vesicles (asterisks) and (A#) strings of vesicles bearing constrictions at regular intervals. (B and B#). In contrast, n1-Sar1p generated a mixture
of tubules of variable diameter, from thin tubules (<45 nm; arrowheads) to thick tubules (R45 nm; arrows) of significantly larger diameter that
were heavily coated with COPII proteins but displayed few if any constrictions. (inset) High magnification of the lattice-like coat observed on
the large-diameter tubules. Bar = 100 nm. (C) Morphometric analysis revealed the majority of tubules produced by n1-Sar1p were of large
diameter (45–105 nm), with far fewer constricted tubules relative to incubations with wt-Sar1p (mean ± SEM, n = 12).dependent conformational change of Sar1p per se, is
responsible for deforming a lipid bilayer.
The amphipathic nature of the Sar1p helix is likely to
be important for bending membranes, as the helix may
lie partially buried in one face of the lipid bilayer. Selec-
tive insertion of the helix into the cytosolic leaflet of the
ER membrane would act to displace the lipid head-
groups, and this asymmetric expansion could generate
curvature toward the cytosol by the bilayer couple
mechanism (Farsad and De Camilli, 2003; Sheetz and
Singer, 1974). Consistent with this model, versions of
Sar1p that possess a smaller helical footprint, with ala-
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line substitutions for bulky hydrophobic residues, are
mpaired in their ability to drive curvature. These mu-
ants also show reduced binding to liposomes; how-
ver, this is unlikely to fully account for the loss of tubu-
ation because wt-Sar1p induced significant tubulation
ver a wide range of concentrations.
The capacity of the Sar1p mutants to form liposome
ubules correlated with their ability to generate vesicles
n an in vitro budding assay and to transport Gas1p to
he Golgi in an in vivo pulse-chase experiment. How-
ver, the defects associated with each mutant were
ess severe on native membranes than on synthetic li-
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615posomes. Native ER membranes may possess a more
optimal lipid composition or additional proteins that aid
in membrane deformation. The budding defect of even
the most severely impaired Sar1p mutant was partially
overcome at the highest Sar1p concentrations, which
corresponded to a 9-fold stoichiometric excess relative
to the other COPII components. Importantly, even the
n-Sar1p mutant most severely compromised for bud-
ding was not impaired in the ability to recruit the COPII
coat. We found that formation of cargo-containing pre-
budding complexes with Sar1p and Sec23/24p was
also normal for each of the n-Sar1p mutants. These ob-
servations suggest a pivotal role for Sar1p in driving
vesicle biogenesis independent of its coat-recruitment
function.
Mammalian Sar1 has been previously observed to in-
duce tubulation of ER membranes in permeabilized
NRK cells (Aridor et al., 2001; Pathre et al., 2003). These
tubular elements were enriched for the cargo protein
VSV-G and were considerably longer (up to 14 m) and
of larger diameter (w40–80 nm) than the liposome-gen-
erated tubules we observed (Aridor et al., 2001). In con-
trast to our minimal system, ER tubulation in permeabi-
lized NRK cells was dependent on microtubule and
kinesin function (Aridor et al., 2001). It seems likely that,
like yeast Sar1p, mammalian Sar1 also has an inherent
ability to deform membranes, and in mammalian cells
microtubules may act to pull short, preexisting Sar1 tu-
bules into elongated structures. Alternatively, microtu-
bule-dependent membrane deformation may represent
an additional mechanism for generating curvature that
can subsequently be acted upon by the cytosolic coat
proteins. It is notable that, unlike yeast, ER-Golgi trans-
port in mammalian cells is sensitive to microtubule dis-
ruption (Malaisse and Orci, 1979; Presley et al., 1997).
It would be interesting to examine whether mutants of
mammalian Sar1 that are unable to generate membrane
curvature in vitro affect the formation of these extended
cytoskeleton-dependent tubules. Consistent with this
possibility, addition of an N-terminal helix mutant (F5D)
of mammalian Sar1 to semi-intact cells failed to induce
VSV-G-containing tubular elements (Huang et al., 2001).
In addition to initiating membrane curvature, the
Sar1p helix may also enhance vesicle fission. Unlike wt-
Sar1p, when the n1-Sar1p mutant (W4A) was incubated
with liposomes in the presence of the other COPII com-
ponents, few constricted tubules or apparently free vesi-
cles were observed. Furthermore, incubations containing
synthetic Ni-liposomes, tubulation-deficient 23-Sar1p,
the COPII coat proteins, and the nonhydrolyzable GTP
analog GMP-PNP generated multibudded liposomes
profiles. Such structures were observed less frequently
in incubations with wt-Sar1p and COPII, perhaps be-
cause membrane fission had progressed completely,
leading to vesicle detachment. We have previously re-
ported that budded liposome profiles were more abun-
dant in samples incubated with wt-Sar1p, COPII, and
GTP rather than GMP-PNP (Futai et al., 2004). Under
these conditions, the COPII coat is maintained on the
membrane by the presence of the nucleotide exchange
factor Sec12p, which counteracts the GTPase-stimulat-
ing activity of the coat by continually recharging Sar1p
with GTP (Futai et al., 2004). Thus the presence or per-
sistence of the wild-type N-terminal helix in the mem-brane may enhance fission of the vesicle bud from the
donor membrane, likely by promoting high curvature
adjacent to the bud neck.
What roles might Sec23/24p and Sec13/31p play in
generating curvature during vesicle formation? We sug-
gest that they may function to capture Sar1p-induced
membrane curvature and define the dimensions of the
vesicle. Interaction of Sec23/24p with the membrane is
likely to rely on the concave “underbelly” enriched in
positively charged residues (Bi et al., 2002), and binding
of Sec23/24p to liposomes containing acidic phospho-
lipids can be titrated with increasing salt concentration
(Matsuoka and Schekman, 2000). Thus Sec23/24p may
contribute to membrane curvature by electrostatic
“plastering” of the membrane to the positively charged
concave surface, similar to the model proposed for
membrane bending driven by the banana-shaped BAR
domains of amphiphysin and endophilin during endocy-
tosis (Peter et al., 2004; Zimmerberg and McLaughlin,
2004). However, in the absence of an agent to stimulate
spontaneous curvature of the membrane, this process
may be inefficient. During the formation of endocytic
clathrin vesicles, curvature is likely initiated by the
PIP2-dependent amphipathic helix of epsin (Ford et al.,
2002). Furthermore, the potency of some isolated BAR
domains, as well as of full-length endophilin and am-
phiphysin, is considerably enhanced by the presence
of an N-terminal amphipathic α helix (Farsad and De
Camilli, 2003; Peter et al., 2004). Like the BAR domains,
which can drive membrane bending even in the ab-
sence of the N-terminal helix if supplied in sufficiently
high quantities, the curved nature of Sec23/24p may
confer considerable membrane deformation and con-
tribute directly to vesicle formation. Indeed, when re-
cruited to microsomal membranes at high levels,
Sec23/24p in combination with Sec13/31p was capable
of generating vesicles in the absence of the Sar1p helix.
Thus, either individually or in concert, vesicle coat pro-
teins may utilize amphipathic helices to stimulate high
membrane curvature and electrostatic interactions to
stabilize or perhaps mold this curvature to the appropri-
ate dimensions.
Polymerization of coat proteins on the donor mem-
brane is likely to be essential for propagating mem-
brane curvature into vesicles of the appropriate geome-
try (Farsad and De Camilli, 2003; McMahon and Mills,
2004). This may be the chief function of Sec13/31p, the
heterotetrameric complex that forms the “outer shell”
of the COPII coat. The transformation of liposomes into
buds, constricted tubules, or vesicles required the
presence of Sec13/31p in addition to Sar1p and Sec23/
24p. By EM, Sec13/31p appears as an elongated flexi-
ble molecule w30 nm in length (Lederkremer et al.,
2001; Matsuoka et al., 2001). Although it is not known
how Sec13/31p assembles on Sec23/24p, it may form
a structural scaffold linking adjacent Sar1p-Sec23/24p
complexes. In this respect, Sec13/31p may function
similarly to clathrin, which connects cargo and mem-
brane binding adaptors via a self-assembling lattice
(McMahon and Mills, 2004; Owen et al., 2004).
We propose a model for COPII vesicle biogenesis
whereby vesicle budding is initiated by recruitment of
Sar1p, which drives localized membrane curvature.
Membrane bound Sar1p interacts with Sec23/24p,
Cell
616which may stabilize the curved membranes while
simultaneously recruiting cargo proteins, thereby popu-
lating highly curved membrane domains with antero-
grade cargoes. These cargo bound pre-budding com-
plexes are gathered together by Sec13/31p binding,
which would act to cluster the COPII coat and propa-
gate membrane curvature to form spherical buds. This
mode of vesicle biogenesis, with initiation of membrane
bending through amphipathic helices, is likely to be a
common feature of all coat protein-mediated transport
steps. During endocytosis from the plasma membrane,
this function is provided by epsin. During other trans-
port events, another family of small G proteins, the Arf
family, acts as the initiator of coat recruitment. Arf1p
bears an N-terminal amphipathic helix capped with a
myristoyl group that is exposed upon GTP binding
(Antonny et al., 1997). It seems likely that this Arf1p
N-terminal domain could also deform membranes.
Thus insertion of an amphipathic helix into the plane of
the bilayer may be a universal process employed by
cytosolic coat proteins to initiate membrane curvature
as a prelude to full coat assembly and vesicle budding.
Experimental Procedures
Yeast Strains
MLY40 was generated by PCR-mediated disruption (KanMX
marker) of SAR1 in the strain YPH499 that contained a wild-type
version of SAR1 on the plasmid pAS2-7 (2 URA). Cloning and in-
tegration of sar1 mutants is described in the Supplemental Data
available with this article online.
Reagents and Proteins
Synthetic lipids were obtained from Avanti Polar Lipids and 35S-
radiolabeled secondary antibody from GE Healthcare. Microsomal
membranes and COPII proteins were prepared as described (Shi-
moni and Schekman, 2002), and the cytosolic fragment of Sec12p
(Sec12Cp) as described (Futai et al., 2004). The plasmid encoding
hexahistidine-tagged 23-Sar1p was kindly provided by Jonathan
Goldberg (Memorial Sloan-Kettering Cancer Center), and 23-
Sar1p was purified as described (Bi et al., 2002). The plasmid en-
coding hexahistidine-tagged Ran was kindly provided by Petr Ka-
lab and Karsten Weis (University of California Berkeley; Kalab et
al., 2002), and the protein was purified by Ni-NTA chromatography.
For simplicity, the concentrations of Sec23/24p and Sec13/31p are
given in molar units of heterodimer. For comparison, 10 g/ml pro-
tein is equivalent to w470 nM, 53 nM, and 58 nM of Sar1p, Sec23/
24p, and Sec13/31p, respectively.
Preparation of Liposomes and Binding of COPII Proteins
Liposomes (major-minor mix) were prepared essentially as de-
scribed (Matsuoka et al., 1998) except that 1 mol% of Texas red-
PE (Molecular Probes) was substituted for NBD-phospholipids. “Ni-
liposomes” were composed of major-minor mix supplemented with
5 mol% of DOGS-NTA-Ni (Avanti Polar Lipids).
Recruitment of COPII proteins to liposomes was performed in
HKM buffer (20 mM Hepes-KOH, pH 6.8, 160 mM potassium ace-
tate, 1 mM magnesium chloride), and the results were evaluated by
floating liposomes through a sucrose step-gradient as described in
Miller et al. (2002), unless otherwise indicated. Lipid recovery was
normalized by quantification of fluorescent lipid, and bound pro-
teins were analyzed by SDS-PAGE and Sypro-red staining (Molecu-
lar Probes). Due to a tendency of Ni-liposomes to aggregate during
the flotation step, we centrifuged binding reactions at 150,000 × g
for 20 min after which the liposome pellet was rinsed with HKM
buffer, centrifuged again, and resuspended in 0.1% SDS. Liposome
recovery and bound proteins were analyzed as above.
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ciposome Morphology and Electron Microscopy
n reactions containing Sar1p alone, liposomes (100 g/ml) were
ncubated with various concentrations of Sar1p (either wt-Sar1p,
23-Sar1p, or n-Sar1p mutants) and 0.2 mM GTP in 100 l HKM
uffer at 25°C, 30 min. The nonhydrolyzable GTP analog, GMP-
NP, was used for incubations containing Sec23/24p and Sec13/
1p. After incubation, samples were processed for EM essentially
s described (Matsuoka et al., 1998).
The surface density of buds, vesicles, and tubules was estimated
rom calibrated (76,000×) micrographs of thin sections using the
ultipurpose test system M168 (Weibel, 1979). The diameter of tu-
ules was measured with a graduated reticle. Data were expressed
s Mean ± SEM.
ryptophan Fluorescence
he change in the tryptophan fluorescence of Sar1p that accompa-
ies GDP-GTP exchange was assayed essentially as described
Antonny et al., 2001), except that reactions were performed in a
00 l cuvette with manual mixing. Reactions contained Sar1p (1
M), Sec23/24p (105 nM), Sec13/31p (90 nM), and the cytosolic
omain of Sec12p (Sec12Cp, 20 nM) where indicated.
reparation of Microsomes Containing DOGS-NTA-Ni Lipid
icrosomal membranes (1.5 mg) were diluted in 2 ml B88 buffer
20 mM HEPES-KOH, pH 6.8, 250 mM sorbitol, 150 mM potassium
cetate, 5 mM magnesium acetate) and mixed gently on a stir-
late. DOGS-NTA-Ni lipid (37.5 g) was added slowly from a stock
olution (4 mg/ml in methanol) and allowed to incorporate for 5
in. The microsomes were then centrifuged at 16,000 × g for 3 min
nd washed twice with B88 buffer prior to translocation of 35S-gpαf
Shimoni and Schekman, 2002).
esicle Budding and Isolation of Prebudding Complexes
esicle budding and the isolation of prebudding complexes from
icrosomes were performed essentially as described in Barlowe et
l. (1994) and Kuehn et al. (1998), respectively. Refer to Supplemen-
al Data for details.
ulse-Chase Analysis
ulse-chase analysis was performed essentially as described (Kuri-
ara et al., 2000).
upplemental Data
upplemental Data include Experimental Procedures and Refer-
nces and can be found with this paper online at http://www.cell.
om/cgi/content/full/122/4/605/DC1/.
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